Manipulation of insect gut microbiota towards the improvement of <i>Bactrocera oleae</i> artificial rearing by Koskinioti, Panagiota et al.
 
 
 University of Groningen
Manipulation of insect gut microbiota towards the improvement of Bactrocera oleae artificial
rearing
Koskinioti, Panagiota; Ras, Erica; Augustinos, Antonios A.; Beukeboom, Leo W.;
Mathiopoulos, Kostas D.; Caceres, Carlos; Bourtzis, Kostas
Published in:
Entomologia Experimentalis et Applicata
DOI:
10.1111/eea.12934
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2020
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Koskinioti, P., Ras, E., Augustinos, A. A., Beukeboom, L. W., Mathiopoulos, K. D., Caceres, C., & Bourtzis,
K. (2020). Manipulation of insect gut microbiota towards the improvement of Bactrocera oleae artificial
rearing. Entomologia Experimentalis et Applicata, 168(6-7), 523-540. https://doi.org/10.1111/eea.12934
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 26-12-2020
SPEC IAL ISSUE : INSECTS IN PRODUCT ION
Manipulation of insect gut microbiota towards the
improvement of Bactrocera oleae artificial rearing
Panagiota Koskinioti1,2 , Erica Ras1, Antonios A. Augustinos1,3, Leo W.
Beukeboom4 , Kostas D. Mathiopoulos2, Carlos Caceres1 & Kostas Bourtzis1*
1Insect Pest Control Laboratory, Joint FAO/IAEADivision of Nuclear Techniques in Food and Agriculture, PO Box 100,
1400 Vienna, Austria, 2Department of Biochemistry and Biotechnology, University of Thessaly, Biopolis, 41500 Larissa,
Greece, 3Department of Plant Protection Patras, Institute of Industrial and Forage Crops, Hellenic Agricultural Organization
–Demeter, Athens, Greece, and 4Groningen Institute for Evolutionary Life Sciences, University of Groningen, PO Box 11103,
9700 CCGroningen, The Netherlands
Accepted: 25 February 2020
Key words: gut bacteria, gut microbiota, symbiosis, pest control, sterile insect technique, SIT,
Diptera, Tephritidae, olive fruit fly, Bactrocera oleae, artificial rearing, microbiome
Abstract Bactrocera oleae (Rossi) (Diptera: Tephritidae) is the main pest of olive trees (Olea europaea L.), caus-
ing major damages in olive crops. Improvement of mass rearing is a prerequisite for the successful
development of large-scale sterile insect technique (SIT) applications. This can be achieved through
the enrichment of artificial diets with gut bacteria isolates.We assessed the efficiency of three gut bac-
teria previously isolated from Ceratitis capitata (Wiedemann), and four isolated from B. oleae, as lar-
val diet additives in both live and inactivated/dead forms. Our results showed that dead Enterobacter
sp. AA26 increased pupal weight, whereas both live and dead cells increased pupal and adult produc-
tion and reduced immature developmental time, indicating that its bacterial cells serve as a direct
nutrient source. Live Providencia sp. AA31 improved pupal and adult production, enhanced male
survival under stress conditions, and delayed immature development. Dead Providencia sp. AA31,
however, did not affect production rates, indicating that live bacteria can colonize the insect gut and
biosynthesize nutrients essential for larval development. Live and dead Bacillus sp. 139 increased
pupal weight, accelerated immature development, and increased adult survival under stress. More-
over, live Bacillus sp. 139 improved adult production, indicating that Bacillus cells are a direct source
of nutrients. Dead Serratia sp. 49 increased pupal and adult production and decreased male survival
under stress conditions whereas live cells decreased insect production, indicating that the live strain
is entomopathogenic, but its dead cells can be utilized as nutrient source. Klebsiella oxytoca, Enter-
obacter sp. 23, and Providencia sp. 22 decreased pupal and subsequent adult production and were
harmful for B. oleae. Our findings indicate that dead Enterobacter sp. AA26 is the most promising
bacterial isolate for the improvement of B. oleaemass rearing in support of future SIT or related pop-
ulation suppression programs.
Introduction
The study of the microbiome has attracted the attention of
the insect research community, with several studies reveal-
ing that symbiotic microbes can benefit several functions
of their insect hosts and enhance their fitness (Bourtzis &
Miller, 2003, 2006, 2008; Zchori-Fein & Bourtzis, 2011;
Engel & Moran, 2013). Symbionts can be categorized into
obligatory or primary – both the insect and the symbiont
are fully dependent on each other (Baumann, 2005) – and
facultative or transient – erratically distributed and not
required for the host (Moran et al., 2008). Symbiotic bac-
teria that form obligate relationships with their host are
usually unculturable endosymbionts and have generally
reduced genomes compared to their free-living relatives
(Charles & Ishikawa, 1999; Akman & Aksoy, 2001; Moran
& Mira, 2001; Sun et al., 2001; Wernegreen et al., 2003;
McCutcheon & Moran, 2012; Wernegreen, 2015, 2017).
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Important microbes are the gut-associated symbionts that
reside in the insect digestive system. These symbionts facil-
itate insect nutrition through their involvement in nitro-
gen fixation (Ben-Yosef et al., 2014), vitamin synthesis,
and carbon metabolism (Behar et al., 2005; Bourtzis &
Miller, 2008). They also positively affect reproductive and
oviposition behavior (Jose et al., 2019) and foraging
behavior (Akami et al., 2019), as well as the host defense
system (Ben-Yosef et al., 2015), detoxification processes,
and insecticide resistance (Cheng et al., 2017; Guo et al.,
2017).
The beneficial effects of gut microbiota on the fitness
of their hosts could be utilized for the enhancement of
insect pest control strategies that depend on large-scale
insect production, such as the sterile insect technique
(SIT) (Niyazi et al., 2004; Behar et al., 2008; Ben Ami
et al., 2010; Gavriel et al., 2011; Hamden et al., 2013;
Augustinos et al., 2015; Kyritsis et al., 2017; Khaeso
et al., 2018). The SIT is based on the mass rearing and
sterilization through irradiation of male insects that are
subsequently released in the field, where they compete
with wild males for mating with wild females. As a
result, the natural insect population in the field declines,
as the offspring of the irradiated males are not viable
due to the irradiation-induced chromosomal breaks that
cause dominant lethal mutations in the sperm of the
released males (Knipling, 1955; Dyck et al., 2005). Cost-
effective mass production of insects with high biological
quality is essential for the efficient application of SIT.
Recent studies have focused on the improvement of
life-history traits under mass rearing for SIT applica-
tions mostly in the tephritid flies (Diptera) Ceratitis
capitata (Wiedemann), but also in Bactrocera oleae
(Rossi), Bactrocera dorsalis (Hendel), Bactrocera tryoni
(Froggatt), Zeugodacus tau (Walker), and Anastrepha
obliqua (Macquart). These studies revealed that the
incorporation of gut bacteria in larval or adult artificial
diets can positively affect pupal weight (Hamden et al.,
2013; Khaeso et al., 2018), adult size (Hamden et al.,
2013), survival ability (Behar et al., 2008; Gavriel et al.,
2011), mating competitiveness (Niyazi et al., 2004; Ben
Ami et al., 2010; Gavriel et al., 2011; Hamden et al.,
2013), flight ability (Kyritsis et al., 2017), pupal and
adult productivity (Augustinos et al., 2015), immature
development duration (Augustinos et al., 2015; Kyritsis
et al., 2017; Khaeso et al., 2018), female fecundity (Sac-
chetti et al., 2014), and oviposition behavior (Jose et al.,
2019).
Bactrocera oleae, the olive fruit fly, is the major pest of
olive fruit orchards and its larvae cause huge damage to
the quality of olive oil (Levinson & Levinson, 1984;
Manousis & Moore, 1987). Despite the successful
population management of C. capitata through SIT, the
first attempts to apply SIT to the olive fruit fly were
unsuccessful (Economopoulos, 1972, 1977; Economo-
poulos et al., 1976). No further progress has been
achieved in the field due to the fact that mass rearing of
the olive fruit fly is labor-intensive and not cost-efficient
(Estes et al., 2011). Recent studies on the development
of more efficient artificial rearing methodologies consid-
erably improved the egg collection system and the adap-
tation of wild flies to laboratory conditions (Ahmad
et al., 2014, 2016, 2018). Although current artificial diets
support larval development, the quality and survival of
the produced insects are still inconsistent (Estes et al.,
2011; Ras et al., 2017). The major reason for the mass
rearing inefficiency is the monophagous nature of the fly
larvae, which obstructs the development of an adequate
artificial larval diet (Manoukas, 1975; Estes et al., 2011;
Ras et al., 2017). It is crucial to improve artificial diets,
which may be achieved with bacterial enrichment of lab-
oratory diets, as has been done with C. capitata.
Bactrocera oleae symbiotic relationship was initially
examined by Petri (1909), who suggested that the associ-
ated bacteria were Pseudomonas savastanoi. Stammer
(1929) described the vertical transmission of the gut
microbes and Girolami (1973) studied the alimentary
canal of the olive fruit fly and other fruit flies and identi-
fied morphological adaptations that could support the
presence of associated bacteria. Other studies demon-
strated that the lack of gut symbionts due to antibiotic
treatment inhibits larval development (Hagen, 1966;
Hagen & Tassan, 1972; Tzanakakis & Stavrinides, 1973;
Lambrou & Tzanakakis, 1978). More recent studies used
molecular techniques and identified Candidatus Erwinia
dacicola (Capuzzo et al., 2005) as the major, co-evolved,
obligate symbiont in wild populations, which could not be
detected by previous studies due to its inability to grow in
artificial bacteria media (Sacchetti et al., 2008; Estes et al.,
2009, 2012; Savio et al., 2011; Koskinioti et al., 2019). Can-
didatus E. dacicola counteracts the deleterious effects of
oleuropein – a toxic phenolic glycoside – and allows larval
development in the hostile environment of unripe olives
(Ben-Yosef et al., 2015). It is also significant for the utiliza-
tion of non-essential amino acids and urea as a nitrogen
source (Ben-Yosef et al., 2014). Other less abundant genera
such as Enterobacter sp., Providencia sp., Klebsiella sp.
(Manousis & Ellar, 1988; Augustinos et al., 2019; Koskini-
oti et al., 2019), Acetobacter tropicalis (Kounatidis et al.,
2009), Pantoea sp. (Ben-Yosef et al., 2015; Koskinioti et al.,
2019), Pseudomonas sp. (Yamvrias et al., 1970; Manousis
& Ellar, 1988; Belcari et al., 2003; Sacchetti et al., 2008;
Koskinioti et al., 2019), Stenotrophomonas sp. (Blow et al.,
2016), Tatumella sp. (Blow et al., 2019), and Morganella
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sp. (Augustinos et al., 2019) have also been identified in
the olive fruit fly gut but their role in the fly’s biology is
not fully known yet.
Laboratory adaptation and rearing on artificial diets
leads to loss of Ca. E. dacicola, decrease of bacterial diver-
sity, and gut colonization by other species (Estes et al.,
2009, 2012; Kounatidis et al., 2009). It seems that Ca. E.
dacicola is only essential in natural populations and labo-
ratory strains that feed on olive fruits and is replaced by
other transiently acquired bacteria during feeding on arti-
ficial diets (Sacchetti et al., 2008). Some of these bacteria,
such as Morganella morganii, are potentially pathogenic
and might be the reason for B. oleae laboratory rearing
inefficiency (Konstantopoulou et al., 2005; Kounatidis
et al., 2009; Estes et al., 2011; Augustinos et al., 2019). Re-
introduction of Ca. E. dacicola in laboratory strains could
improve rearing, but the uncultivable nature of the sym-
biont renders it impossible to be used as probiotic supple-
ment in mass rearing. The alternative of using crushed
wild B. oleae guts as larval additives would be labor-inten-
sive and the collection of adequate wild material for mass
rearing purposes would be impossible. However, the tar-
geted replacement of the insect gut microbiota with cul-
tivable bacterial isolates originating from wild B. oleae
populations or other bacteria known to benefit artificial
rearing in other fruit flies could improve olive fruit fly
rearing. Up to now, the functional role of gut symbionts
on the fly’s life-history traits was investigated by compar-
ing asymbiotic flies (fed with adult diets containing antibi-
otics that suppress or remove the gut symbiotic
microbiome) with either non-treated flies (symbiotic flies)
(Ben-Yosef et al., 2010, 2014, 2015) or flies fed with adult
diet enriched with certain bacterial isolates (Sacchetti
et al., 2014; Jose et al., 2019). None of these studies assessed
the utilization of gutmicrobes as additives to the larval diet
of the olive fruit fly. In the current study, we evaluated the
effect of bacteria-enriched larval diets on B. oleae life-his-
tory traits related to insect rearing and SIT application,
using four bacterial isolates originated from B. oleae and
three bacterial isolates from C. capitata that demonstrated
beneficial probiotic behavior in previous medfly studies
(Ben Ami et al., 2010; Augustinos et al., 2015; Kyritsis
et al., 2017).
Materials and methods
Bactrocera oleae populations and rearing conditions
The B. oleae strain ‘Olive-lab’ (OL), used for the larval diet
enrichment experiments, originated from a stock in the
Department of Biology, ‘Demokritos’ Nuclear Research
Centre, Athens, Greece, and has been maintained at the
Insect Pest Control Laboratory (IPCL) for 177 generations
(Ahmad et al., 2016). Adults were kept in laboratory cages
(40 9 40 9 40 cm) with three net sides and a paraffin-
covered fine mesh for oviposition on the fourth side and
were provided with water and standard artificial adult diet
consisting of 75% sugar, 19% hydrolyzed yeast, and 6%
egg yolk powder, under constant environmental condi-
tions at 25  1 °C, 60  5% r.h., and L14:D10 photope-
riod. Wild olive fruit flies were collected from infested
olives coming from Spain. Upon emergence, wild adult
flies were kept in laboratory cages and provided with sterile
water and standard artificial adult diet (no antibiotics)
until the day of gut dissections for the isolation of gut bac-
teria.
Isolation of gut bacteria and bacterial colony characterization
Three replicates of five pooled guts from teneral, 5-, and
15-day-old adults (males or females) and third instars of
the wild olive fruit flies were collected. All individuals were
disinfected in 70% ethanol and washed in sterile 19 phos-
phate buffer saline (PBS) prior to dissection. Gut dissec-
tions were performed in sterile 19 PBS and the guts were
collected in 1.5-ml Eppendorf tubes containing 200 ll
sterile Luria-Bertani (LB) medium (Sigma-Aldrich, St.
Louis, MO, USA) and mechanically crushed using pestles.
The homogenate was serially diluted and plated on three
types of agar media, one non-selective (LB agar plates;
Sigma-Aldrich) and two types of selective medium [Chro-
moCult (Merck, Darmstadt, Germany) and xylose lysine
deoxycholate agar (Sigma-Aldrich)]. Duplicate plates were
incubated at 25 and 37 °C. All sample treatments were
performed in three replicates. In total 172 well-isolated
colonies were chosen for further analysis from all sample
treatments, based on colony morphology and representing
all sample treatments. Three rounds of streaking and isola-
tion were performed to ensure that they represented single
colonies.
Bacterial colony characterization was performed by
sequencing the 16S rRNA gene. 16S rRNA universal bacte-
rial primers 27F/1492R (Edwards et al., 1989; Weisburg
et al., 1991; Reed et al., 2002) were used to perform poly-
merase chain reactions (PCRs) using a few bacteria from
each colony that were suspended in 50 ll of PCR reaction
[25 ll of Qiagen 29 Taq mix, 0.3 ll (100 lM) of each pri-
mer]. The PCR conditions were: initial denaturing step of
95 °C for 5 min; 35 cycles of denaturation at 95 °C for
45 s, annealing at 55 °C for 1 min, and extension at 72 °C
for 2 min; final extension at 72 °C for 10 min. Fivemicro-
liters of each reaction were electrophoresed on 1.5% agar-
ose gels. The amplicons were purified with the High Pure
PCR Product Purification Kit (Roche, Mannheim, Ger-
many). Purified DNA was sequenced from both ends with
primers 27F and 1492R by MWG Eurofins (Ebersberg,
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Germany) and/or VBC (Vienna, Austria). The obtained
sequences were compared with Ribosomal Database Pro-
ject (Cole et al., 2014) for the genus characterization of the
colonies. Representative colonies from all genera were
selected for full-length, double-stranded 16S rRNA
sequencing using the internal primers 519F, 596R, 960R,
and 1114F (Reed et al., 2002). Visualization, data quality
check, and assembly of the sequencing results were per-
formed with SeqMan software (Lasergene v.7.0; Dnastar,
Madison, WI, USA). Obtained full sequences were com-
pared with the EzBioCloud database (Yoon et al., 2017) to
identify their closely related reference bacterial strains.
Origin and phylogenetic analysis of gut bacteria used as larval diet
additives
Enterobacter sp. AA26 and Providencia sp. AA31 strains
used in this study were previously isolated from medfly
(Augustinos et al., 2015). The Klebsiella oxytoca strain was
isolated and used in a previous medfly study by Ben Ami
et al. (2010). Enterobacter sp. 23, Providencia sp. 22, Bacil-
lus sp. 139, and Serratia sp. 49 were isolated in the current
study from wild olive fruit flies collected in Spain as previ-
ously described.
Phylogenetic analysis was based on the 16S rRNA
sequences from the bacteria in this study, the bacterial spe-
cies showing the highest similarity with the studied bacte-
ria according to EzBioCloud, and gut bacterial species
previously studied in Tephritidae (Behar et al., 2008;Wang
et al., 2014; Naaz et al., 2016). The evolutionary history
was inferred using the Neighbor-Joining method (Saitou
& Nei, 1987), the confidence of the tree topology was
tested by 1 000 bootstrap replicates (Felsenstein, 1985),
and the evolutionary distances were computed using the
Maximum Composite Likelihood method (Tamura et al.,
2004). Evolutionary analyses were conducted in MEGA X
software (Kumar et al., 2018). Pairwise comparisons of the
16S rRNA sequences between the used bacterial isolates
belonging to the same genus were performed in EzBio-
Cloud database using ChunLab’s online pairwise sequence
alignment tool for taxonomic purposes which generates
an alignment of two sequences and a sequence similarity
value that is widely used in bacterial taxonomy (Yoon
et al., 2017).
Enrichment of larval diet
All bacterial strains were revived from glycerol stocks kept
at 80 °C by streaking on LB agar medium plates. Single
colonies were selected and inoculated in LB broth medium
for rearing experiments. The revived bacterial cultures
were added to the larval diet in a titer of 108 bacteria per g
of diet (Augustinos et al., 2015). The titer for each bacterial
isolate was determined by measuring the optical density
(OD) of each culture. The OD required to reach the
appropriate titer for each isolate was determined by bacte-
rial colony counting of serial dilutions of an initial culture
with known OD. Bacterial cultures with the appropriate
OD were centrifuged and resuspended in 20 ml of LB
medium, before mixing with 1 kg of conventional larval
diet (containing 550 ml tap water, 20 ml extra virgin olive
oil, 7.5 ml Tween 80 emulsifier, 0.5 g potassium sorbate,
2 g Nipagin, 20 g sugar, 75 g brewer’s yeast, 30 g soy
hydrolysate, 30 ml hydrochloric acid 2N, and 275 g cellu-
lose powder). The same number of autoclaved (dead) bac-
teria was also incorporated in the diet, to test whether live
bacteria have an effect through interaction with the insects
or whether they only serve as nutrient source. The control
treatment consisted of conventional larval diet (Tsitsipis,
1975; Ahmad et al., 2016) mixed with 20 ml of LB med-
ium (without bacteria). The diet was prepared by hand
mixing directly before the addition of fly eggs.
Egg collections
Laboratory flies laid their eggs on the paraffin-covered
oviposition panel that covers one of the four vertical cage
sides. The oviposition panel was carefully washed with
water in the morning to remove eggs laid during the pre-
vious day. Eggs laid during the next period of 6 h by 8- to
10-day-old B. oleae females were collected in plastic trays
by washing the oviposition panel with water, counted
after removing the excess of water, and transferred
directly to artificial larval diet. Three replicates were used
for each treatment – live and autoclaved bacteria for each
strain and the control treatment – and 500 eggs were
transferred to Petri dishes containing 75 g of larval diet
for each replicate. Eggs for all treatments and replicates
were collected from the same generation to ensure mini-
mum egg quality variation. After their transfer, eggs were
incubated under constant environmental conditions at
22  1 °C, 60  5% r.h., and L14:D10 photoperiod.
Effect of enriched larval diet on pupal weight, pupal recovery rate,
egg-to-adult, and pupa-to-adult recovery rate
The pupae obtained from the 500 incubated eggs were
counted for each replicate to determine the pupation
recovery percentage (= 100 9 no. pupae/total no. eggs).
Two days before adult emergence, pupae were collected
and pupal weight (mg) was determined by individually
weighing all pupae in each treatment. All collected pupae
were subsequently kept in Petri dishes (70 9 15 mm) at
25  1 °C, 60  5% r.h., and L14:D10 photoperiod until
adult eclosion to determine the egg-to-adult recovery per-
centage (= 100 9 no. adults/total no. eggs) and the pupa-
to-adult recovery percentage (= 100 9 no. adults/total no.
pupae).
526 Koskinioti et al.
Effect of enriched larval diet on egg-to-adult developmental duration
The following experimental procedures were only per-
formed for the bacterial strain treatments that yielded 100
or more fly pupae per replicate (Enterobacter AA26 live
and dead, Providencia AA31 live and dead, Bacillus 139 live
and dead, and Serratia 49 dead) to ensure enough material
for subsequent analysis. Three replicates of 100 pupae per
treatment were transferred to Petri dishes and kept at
25  1 °C, 60  5% r.h., and L14:D10 photoperiod.
Egg-to-adult developmental duration was determined by
recording the number and sex of the emerged flies twice a
day (every 12 h).
Effect of enriched larval diet on adult survival under stress conditions
Survival under stress conditions is a test of the standard
FAO/IAEA/USDA (2014) quality control manual for SIT
research and development applications that assesses the
ability of the flies to be released to survive without food,
water, and light until they become sexually mature and
seek for mates. Within 4 h of adult emergence (from three
replicates consisting of 100 pupae), the flies were trans-
ferred to a large Petri dish (70 9 15 mm) with a mesh-
covered hole of approximately 13 mm in the center of the
lid. All dishes were kept in the dark at 26 °C and 65% r.h.
until death of the last fly. Dead flies were sorted by sex,
counted, and removed from the Petri dishes twice a day
(every 12 h) in order to determine and compare their abil-
ity to survive under food and water deprivation.
Effect of enriched larval diet on adult flight ability
Three replicates of 100 pupae per treatment were trans-
ferred within a ring of paper that was centrally placed at
the bottom of a Petri dish (77 9 15 mm) 2 days before
adult emergence. An opaque black plexiglass tube of
10 cm height was placed over the Petri dish according to
the procedure described in FAO/IAEA/USDA (2014). Flies
that emerged were removed from the vicinity of the tubes
to minimize fly-back (or fall-back) into the tubes. The test
lasted 1 week and took place at 25 °C, 65% r.h., L14:D10
photoperiod, and 1 500 lux light intensity over the tubes.
Flight ability was determined by recording the number
and sex of the flies that managed to fly out of the tube.
Statistical analysis
The effects of the various bacterial treatments on pupal
weight were tested with one-way ANOVA with ‘treatment’
as the independent variable. A post-hoc test was used for
multiple comparisons of the tested groups using Bonfer-
roni adjustment of P-values. The effect of bacteria provi-
sion on pupal recovery percentage, egg-to-adult and
pupa-to-adult recovery percentage, flight ability, and sex
ratio was determined by binary logistic regression (BLR)
analysis using Bonferroni correction to adjust the P-value
for multiple comparisons. The Kaplan-Meier test was used
to determine the effect of bacteria provision on the egg-to-
adult developmental duration. Pairwise comparisons
between treatments were tested with the Mantel-Cox log-
rank test with a corrected significance threshold for multi-
ple comparisons of the eight treatments of a = 0.05/
8 = 0.00625. Cox regression analysis was used to assess the
effect of bacteria provision and fly sex on adult survival
under stress conditions and pairwise comparisons between
the eight treatments were tested with the Mantel-Cox log-
rank test (a = 0.00625). All datasets were analyzed in IBM
SPSS v.24.0 software (IBM SPSS, Armonk, NY, USA).
Results
Characterization of the gut bacteria isolates by 16S rRNA sequencing
The closest relatives of the gut bacterial isolates used for
downstream larval diet enrichment experiments were
identified by EzBioCloud analysis of full-length
sequences of the 16S rRNA gene. Enterobacter sp. AA26
showed 99.8% similarity with Enterobacter hormaechei
subsp. steigerwaltii, Providencia sp. AA31 was 99.7%
identical to Providencia vermicola, Enterobacter sp. 23
was 99.7% identical to Enterobacter ludwigii, Providencia
sp. 22 showed 99.9% similarity with Providencia huax-
iensis, and the closest relatives of Bacillus sp. 139 and
Serratia sp. 49 were Bacillus siamensis (99.9% similarity)
and Serratia marcescens subsp. sakuensis (99.7% similar-
ity), respectively (Table S1). The similarity between
Enterobacter sp. AA26 and Enterobacter sp. 23 according
to EzBioCloud database using ChunLab’s online pair-
wise sequence alignment tool was 98.3%, whereas the
similarity of Providencia sp. AA31 with Providencia sp.
22 was 99.6% (Table S2).
Phylogenetic analysis based on 16S rRNA sequences
from the bacteria used in this study, their closest relatives
according to EzBioCloud, and gut bacterial species previ-
ously reported from Tephritidae (Behar et al., 2008; Wang
et al., 2014; Naaz et al., 2016) indicated the clustering of
Enterobacter sp. 23 with Enterobacter cloaceae, whereas
Enterobacter sp. AA26 was clustered with E. hormaechei
subsp. steigerwaltii in a different clade. Providencia sp. 22
was clustered with P. huaxiensis, whereas Providencia sp.
AA31 clustered in a different clade closer to P. vermicola.
Bacillus sp. 139 was grouped with B. siamensis and Serratia
sp. 49 was clustered with S. marcescens subsp. sakuensis
(Figure 1). Accession numbers of the bacteria from previ-
ous Tephritidae studies are listed in Table S3. Full-length
sequences of the B. oleae gut bacteria used in this study
have been deposited in GenBank database under the acces-
sion numbersMN560062–MN560065.
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Effects of bacteria-enriched larval diet on pupal weight
Pupal weight was affected by bacterial treatment
(F14,4331 = 27.398, P<0.001; Table S4). More specifically,
the addition of live Enterobacter sp. AA26
(mean  SE = 6.44  0.04 mg) to the larval diet caused
an increase in pupal weight in comparison to both the
control (6.09  0.07 mg) and the autoclaved AA26
(6.04  0.04 mg) (ANOVA: P<0.001; Figure 2). Dead
Providencia sp. AA31 (6.63  0.05 mg) increased pupal
weight compared to both the control and the live treat-
ment (6.24  0.036 mg) (both P<0.001). Addition of live
(5.78  0.09 mg) and dead (6.06  0.12 mg) K. oxytoca
had no significant effect on pupal weight compared to the
control treatment (P = 0.36 and 1.0, respectively). Live
Enterobacter sp. 23 (6.56  0.09 mg) increased pupal
weight compared to the control treatment (P = 0.001).
Live Providencia sp. 22 (6.53  0.08 mg) increased the
pupal weight compared to control (P = 0.002). Both live
(6.72  0.06 mg) and dead Bacillus sp. 139
(6.75  0.06 mg) increased pupal weight (P<0.001),
whereas live Serratia sp. 49 (5.56  0.12 mg) decreased
pupal weight compared to the control (P = 0.004; Fig-
ure 2). P-values for pairwise comparisons of pupal weight
for all treatments are shown in Table S4.
Effects of bacteria-enriched larval diet on pupal recovery rate
Pupa recovery rate was affected by bacteria treatment
(overall Wald’s v2 = 2997.753, d.f. = 14, P<0.001;
Table S5). More specifically, provision of both live
(mean  SE = 37.5  0.012%) and dead Enterobacter
sp. AA26 (48.1  0.013%) increased pupation rate com-
pared to control (21.5  0.011%) (BLR: P<0.001) and the
increase caused by the addition of dead Enterobacter sp.
AA26 was stronger compared to live Enterobacter sp. AA26
treatment (P<0.001). Live Providencia sp. AA31
(50.4  0.013%) improved pupal recovery compared to
both the control and the dead Providencia sp. AA31
(24  0.011%) treatment (P<0.001). On the other hand,
both live (9.9  0.008%) and dead K. oxytoca
(8.1  0.007%) decreased pupal recovery compared to
the control treatment (P<0.001). Enterobacter sp. 23 (both






































Figure 1 Neighbor-Joining phylogenetic tree based on 16S rRNA sequences of the bacterial isolates of Enterobacter sp. AA26, Providencia
sp. AA31,Klebsiella oxytoca, Enterobacter sp. 23, Providencia sp. 22, Bacillus sp. 139, and Serratia sp. 49, the bacteria species showing the
highest similarity with the studied bacteria according to EzBioCloud, and gut bacterial species fromTephritidae in previous studies. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed with theMaximumComposite Likelihoodmethod (unit: number of base substitutions per site).
This analysis involved 20 nucleotide sequences. In total 1 531 positions were used in the final dataset. Evolutionary analysis was conducted
inMEGAX software.
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respectively) decreased pupation rate (P<0.001) and the
decrease caused by dead Enterobacter sp. 23 was stronger
compared to live Enterobacter sp. 23 (P = 0.001). Provi-
dencia sp. 22 (both live and dead, 10.6  0.008 and
7.6  0.007%, respectively) also caused a decrease in
pupation rate (P<0.001), whereas Bacillus sp. 139 (live and
autoclaved, 18.8  0.01 and 24.1  0.011%, respectively)
had no effect compared to control (P = 1.0). A significant
decrease in pupal recovery rate was observed by live Bacil-
lus sp. 139 compared to dead Bacillus sp. 139 treatment
(P = 0.045). Live Serratia sp. 49 (6.9  0.007%)
decreased pupation compared to the control treatment
(P<0.001), whereas dead Serratia sp. 49 (39.5  0.013%)
increased pupal recovery compared to both the control
and the live Serratia sp. 49 treatment (P<0.001; Figure 3).
P-values for pairwise comparisons of pupation percentage
for all treatments are shown in Table S5.
Effects of bacteria-enriched larval diet on egg-to-adult and pupa-to-
adult recovery rate and adult sex ratio
Egg-to-adult recovery rate was affected by bacteria treat-
ment (overall Wald’s v2 = 2867.034, d.f. = 14, P<0.001;
Table S6). More specifically, both live and dead Enterobac-
ter sp. AA26 (33.7  0.012 and 41.5  0.013%, respec-
tively) increased egg-to-adult recovery percentage
compared to control (17.9  0.01%) (BLR: P<0.001).
The increase by dead Enterobacter sp. AA26 was stronger
compared to live Enterobacter sp. AA26 treatment
(P<0.001; Figure 4). Live Providencia sp. AA31
(42.1  0.013%) improved egg-to-adult recovery com-
pared to both the control and the dead Providencia sp.
AA31 treatment (20.3  0.01%) (P<0.001). On the other
hand, both live and dead K. oxytoca (8.3  0.007 and
7.3  0.007%, respectively) decreased egg-to-adult recov-
ery compared to control (P<0.001). Similarly, Enterobacter
sp. 23 (both live and autoclaved, 5.5  0.007 and
4.9  0.006%, respectively), reduced egg-to-adult recov-
ery compared to the control (P<0.001). Live and dead
Providencia sp. 22 (9  0.007 and 5.5  0.006%, respec-
tively) also decreased egg-to-adult recovery compared to
the control (P<0.001) and the decrease caused by dead
Providencia sp. 22 was stronger compared to live Providen-
cia sp. 22 (P = 0.026). Live and dead Bacillus sp. 139
(17.5  0.01 and 21.1  0.011%, respectively) treatment
had no effect on egg-to-adult recovery compared to the
control (P = 1.0). Live Serratia sp. 49 (2.3  0.004%)
decreased egg-to-adult recovery compared to the control
treatment (P<0.001), whereas dead Serratia sp. 49
(31.3  0.012%) increased egg-to-adult recovery com-
pared to both the control and the live Serratia sp. 49 treat-
ment (P<0.001; Figure 4). P-values for pairwise
comparisons of egg-to-adult recovery for all treatments
are shown in Table S6.
Pupa-to-adult recovery percentage was affected by bac-
teria treatment (overall Wald’s v2 = 241.965, d.f. = 14,
















efg efg de ab gh efgh abc bcdef abcd cdefg a fghbc
Figure 2 Effect of larval diets enriched with LBmedium (without bacteria; control), Enterobacter sp. AA26, Providencia sp. AA31,Klebsiella
oxytoca, Enterobacter sp. 23, Providencia sp. 22, Bacillus sp. 139, or Serratia sp. 49 on pupal weight of olive fruit fly. The top and bottom of
the boxes represent the 25th and 75th percentiles, indicating the inter-quartile range. The horizontal line within the box represents the
median value. The whiskers indicate the highest and lowest observations and define the variability outside the inter-quartile range.
Treatmentsmarked with different letters on the x-axis cause a statistically significant difference in fly pupal weight (one-way ANOVAs
followed by Bonferroni test: P<0.05).
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AA31, K. oxytoca, Enterobacter sp. 23, and Providencia sp.
22 had no effect on pupa-to-adult emergence percentage
compared to control (BLR: P>0.05; Figure 5, Table S7).
Live Bacillus sp. 139 (95.3  0.013%) increased pupa-to-
adult recovery compared to control (82.3  0.021%)
(P<0.001) whereas live Serratia sp. 49 (33.6  0.046%)
decreased pupa-to-adult recovery percentage compared to
both the control and the dead Serratia sp. 49
(76.4  0.017%) treatment (P<0.001; Figure 5). P-values
for pairwise comparisons of pupa-to-adult recovery for all
treatments are shown in Table S7.
Adult sex ratio was not affected by bacteria treatment
(overall Wald’s v2 = 3.814, d.f. = 14, P = 1.0; Figure S1).
P-values for pairwise comparisons of adult sex ratio for all
treatments are shown in Table S8.
Effects of bacteria-enriched larval diet on egg-to-adult developmental
duration
Bacteria enrichment of larval diet with Enterobacter sp.
AA26, Providencia sp. AA31, and Bacillus sp. 139 had sig-
nificant effect on the egg-adult developmental duration
for both live and autoclaved treatments compared to con-
trol (males: 28.65 days, females: 28.69 days; Table S9).
More specifically, Enterobacter sp. AA26 accelerated adult
emergence in both males (live: 27.82 days, log-rank test






















Figure 3 Effect of larval diets enriched
with Enterobacter sp. AA26, Providencia sp.
AA31,Klebsiella oxytoca, Enterobacter sp.
23, Providencia sp. 22, Bacillus sp. 139, or
Serratia sp. 49 onmean (+ SEM) egg-to-
pupa recovery (%; 1009 no. pupae/no.
eggs) of the olive fruit fly. Means capped
with different letters are significantly























Figure 4 Effect of larval diets enriched
with Enterobacter sp. AA26, Providencia sp.
AA31,Klebsiella oxytoca, Enterobacter sp.
23, Providencia sp. 22, Bacillus sp. 139, or
Serratia sp. 49 onmean (+ SEM) egg-to-
adult recovery (%; 100 9 no. adults/no.
eggs) of the olive fruit fly. Means capped
with different letters are significantly
different (BLR followed by Bonferroni test:
P<0.05).
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(live: 28.06 days, v2 = 75.112; dead: 27.84 days,
v2 = 96.451, all P<0.001; Figure 6). In contrast, the addi-
tion of Providencia sp. AA31 delayed the emergence date
in both males (live: 29.14 days, v2 = 43.240; dead:
28.89 days, v2 = 17.986, both P<0.001) and females (live:
29.21 days, v2 = 11.762, P = 0.001; dead: 29.19 days,
v2 = 12.392, P<0.001). Incorporation of Bacillus sp. 139 in
larval diet led to faster emergence in both males (live:
28.02 days, v2 = 33.742; dead: 28.05 days, v2 = 48.554)
and females (live: 28.5 days, v2 = 13.353; dead: 28.4 days,
v2 = 26.823, all P<0.001). Dead Serratia sp. 49 had no
effect on the egg-to-adult developmental duration in both
males (28.52 days, v2 = 2.954, P = 0.086) and females
(28.87 days, v2 = 1.190, P = 0.28; Figure 6). P-values for
pairwise comparisons of adult egg-to-adult developmental
duration for all treatments are shown in Table S9.
Effects of bacteria-enriched larval diet on adult survival
Adult survival under stress conditions was affected by
bacteria treatment in both males (overall Wald’s
v2 = 77.186) and females (v2 = 85.748, both d.f. = 7,
P<0.001; Table S10). Enterobacter sp. AA26 (live: 37.06 h,
dead: 37.45 h) had no effect on male survival compared
to control (males: 39.96 h) (P>0.00625; Figure 7A,
Table S11), but decreased adult survival duration com-
pared to control (females: 41.19 h) in females (live:
36.77 h, v2 = 16.028; dead: 35.3 h, v2 = 20.944, both
P<0.001; Figure 7B). Live Providencia sp. AA31 increased
adult survival duration compared to the control in males
(44.28 h, v2 = 10.134, P = 0.001; Figure 7C) and had no
effect on female survival (44.03 h, v2 = 3.216, P = 0.073;
Figure 7D). Dead Providencia sp. AA31 increased adult
survival duration in both males (47.46 h, v2 = 28.828;
Figure 7C) and females (46.51 h, v2 = 14.050, both
P<0.001; Figure 7D). Bacillus sp. 139 (live and dead)
increased adult survival duration compared to the control
in both males (live: 46.09 h, v2 = 19.505; dead: 44.70 h,
v2 = 14.334, both P<0.001; Figure 7E) and females (live:
46 h, v2 = 9.833, P = 0.002; dead: 45.6 h, v2 = 14.381,
P<0.001; Figure 7F). Dead Serratia sp. 49 decreased adult
survival duration compared to control in males (35.47 h,
v2 = 9.353, P = 0.002; Figure 7G) and had no effect on
female survival (38.16 h, v2 = 6.214, P>0.00625; Fig-
ure 7H). Cox regression P-values of adult survival under
stress conditions for all treatments are shown in
Table S10. P-values for pairwise comparisons of adult
survival under stress conditions for all treatments are
shown in Table S11.
Effects of bacteria-enriched larval diet on adult flight ability
Flight ability was not affected by the enrichment of larval
diet with bacteria (overall Wald’s v2 = 9.151, d.f. = 7,
P = 0.24; Figure S2, Table S12). The average percentage of
fliers in the control treatment was 84.9%. Enterobacter sp.
AA26 treatment led to 87.9 and 86.1% fliers in live and
dead treatment, respectively. The flight ability of the flies
fed with live and dead Providencia sp. AA31 was 93.3 and
90.6%, respectively. Flight ability of flies fed with liveBacil-
lus sp. 139, dead Bacillus sp. 139, and dead Serratia sp. 49
was 85.4, 88.9, and 80.5%, respectively. P-values for pair-
wise comparisons of adult flight ability for all bacteria






























Figure 5 Effect of larval diets enriched
with Enterobacter sp. AA26, Providencia sp.
AA31,Klebsiella oxytoca, Enterobacter sp.
23, Providencia sp. 22, Bacillus sp. 139, or
Serratia sp. 49 onmean (+ SEM) pupa-to-
adult recovery (%; 100 9 no. adults/no.
pupae) of the olive fruit fly. Means capped
with different letters are significantly
different (BLR followed by Bonferroni test:
P<0.05).
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Discussion
In the current study we evaluated whether seven gut bacte-
rial isolates could function as additives in the artificial lar-
val diet of the olive fruit fly. We used live and dead
Enterobacter sp. AA26, Providencia sp. AA31, and K. oxy-
toca that were isolated from the medfly gut and showed
beneficial effects on C. capitata rearing in previous studies
(Ben Ami et al., 2010; Augustinos et al., 2015). We also
used Enterobacter sp. 23, Providencia sp. 22, Bacillus sp.
139, and Serratia sp. 49 isolated from the olive fruit fly gut
in this study. Pupal weight, pupal recovery, egg-to-adult
recovery, egg-to-adult developmental duration, and sur-
vival under water and food deprivation were affected by
the bacteria-enriched larval diets and the effects of all bac-
teria treatments are summarized in Table 1. On the other
hand, sex ratio and flight ability were not affected by any
of the treatments.
Live Enterobacter sp. AA26 generally improves insect
performance as it increases pupal weight, pupal recovery,
and egg-to-adult recovery, and reduces egg-to-adult devel-
opmental duration but reduces female survival under
water and food deprivation compared to the control treat-
ment. Dead Enterobacter sp. AA26 has the same effects as
live Enterobacter sp. AA26 with the exception of pupal
weight, which is not affected by the dead Enterobacter sp.
AA26 treatment. The fact that both live and dead bacterial
treatments have a generally positive effect on olive fruit fly
production indicates that bacterial cells might not estab-
lish in the gut but are directly consumed as food by the fly
larvae, providing amino acids, nitrogen compounds, vita-
mins, and other nutrients that increase the weight of the
pupae and the number of larvae that reach pupation, and
decrease the time required for the egg-to-adult develop-
ment. Adult traits, such as survival and flight ability, are
not positively affected by Enterobacter sp. AA26 (live or
dead) which further enhances the assumption that the bac-
teria did not colonize the fly’s gut. However it has also
been shown that autoclaved bacteria – also called ‘parapro-
biotics’ – might provide health benefits to their hosts
through pathways not related to nutrition by (1) modulat-
ing the immune system (compounds of the cell wall might
enhance the immunological system), (2) increasing adhe-
sion to intestinal cells which inhibits their colonization by
pathogens, and (3) secreting of beneficial metabolites by
the dead cells (de Almada et al., 2016). The increase of
pupal and adult recovery caused by dead Enterobacter sp.
AA26 is stronger than live Enterobacter sp. AA26, which
indicates that using autoclaved bacteria as larval diet addi-
tives could yield more B. oleae insects compared to live
probiotics – this would simplify the rearing process and
raise fewer biosecurity concerns in future applications.
Providencia sp. AA31 increases B. oleae production only
when used as live bacteria. It also increases male survival
under water and food deprivation. Positive effects caused
by the live treatment indicated that these bacteria might be
able to colonize the insect gut and provide the insect with
amino acids, carbohydrates, vitamins, and other nutrients.
Genome sequencing of Ca. E. dacicola and Enterobacter
sp. OLF – isolated from wild B. oleae flies – showed that
both of them have multiple pathways for the biosynthesis
of all essential and non-essential amino acids (Estes et al.,
2018). Additionally, the same Enterobacter isolate can syn-
thesize the same vitamins withCa. E. dacicola and encodes
several genes for nitrogen fixation (Estes et al., 2018). It is
possible that other bacteria isolated from the gut ofB. oleae
or other fruit flies are also able to substitute Ca. E. dacicola
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Figure 6 Effect of larval diets enriched with LBmedium (without
bacteria; control), Enterobacter sp. AA26, Providencia sp. AA31,
Klebsiella oxytoca, Enterobacter sp. 23, Providencia sp. 22, Bacillus
sp. 139, or Serratia sp. 49 on olive fruit flymale (top) and female
(bottom) egg-to-adult developmental duration. The top and
bottom of the boxes represent the 25th and 75th percentiles,
indicating the inter-quartile range. The horizontal line within the
box represents themedian value. The whiskers indicate the value
range (min-max). Treatments marked with different letters on
the x-axis cause a statistically significant difference in parasitism
rate (log-rank test: P<0.003).
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show that Providencia sp. AA31 may have this ability.
However, live Providencia sp. AA31 seems to delay egg-to-
adult development but this is only a delay of approxi-
mately 12 h andmight be related to the time required until
colonization in the fly’s gut. Alternatively, the delay of
immature developments may be due to metabolites pro-
duced by the bacteria. For instance, it has been shown that
a commensal gut bacterium, Acetobacter pomorum, pro-
duces the metabolite acetate that modulates insulin/in-
sulin-like growth factor signaling in Drosophila, which is
important for normal larval development (Shin et al.,
2011). The metabolites potentially produced by fruit fly
gut bacteria and the effect (positive or negative) theymight
have on the gut microbiome and the host are unknown.
However, it is possible that Providencia sp. AA31 produces
such metabolites that affect immature development. The
benefits of Providencia sp. AA31 might also be caused by
the colonization of the insect gut by Providencia, which
might increase resistance of the insect against other ento-
mopathogenic bacteria that are known to occupy the
insect gut in laboratory strains (Estes et al., 2011; Augusti-
nos et al., 2019). The underlying mechanisms of this colo-
nization resistance can be nutrient competition, niche
occupation, or immune priming (Engel & Moran, 2013).
Dead Providencia sp. AA31 increases adult survival but has
no effect on pupal and adult production which is more
crucial for mass-rearing improvement. Therefore, only live
Providencia sp. AA31 could be used as a probiotic supple-
ment for the improvement of B. oleae rearing, which may
not be applicable in real conditions.
The effect of K. oxytoca was generally negative, as it

















































































































Figure 7 Male and female olive fruit fly
adult survival under stress conditions, with
or without (= control) live or dead (=
autoclaved) bacteria incorporated in the
larval diet: (A, B) Enterobacter sp. AA26,
(C, D) Providencia sp. AA31, (E, F) Bacillus
sp. 139, or (G, H) Serratia sp. 49.
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to-adult recovery rates, to the point that there was no ade-
quate material for further analysis. Live and dead Enter-
obacter sp. 23 had a negative effect on B. oleae production
as it strongly decreased pupal and adult recovery, whereas
only live Enterobacter sp. 23 increased pupal weight. Simi-
larly, live and dead Providencia sp. 22 also decreased pupal
and adult recovery but only live Providencia sp. 22
increased pupal weight. Like K. oxytoca, the decrease in
productivity after Enterobacter sp. 23 and Providencia sp.
22 did not allow further analysis on egg-to-adult develop-
mental and adult survival and flight ability. The negative
effects of these isolates show that all three of them are
potentially pathogenic for the olive fruit fly. Interestingly,
the negative effects are also extended to their autoclaved
treatments. This might be explained by the presence of
bacterial toxins that were ingested by the larvae during
feeding. There has been evidence of thermo-stable entero-
toxins that can maintain their molecular structure at high
temperatures (Regenthal et al., 2017). The treatments
might contain such stable bacterial toxins even though the
bacteria were autoclaved. The increase in pupal weight by
Enterobacter sp. 23 and Providencia sp. 22 might be
explained by the small number of larvae that survived and
had larger amounts of food available to consume in each
replicate.
Bacillus sp. 139 had an overall positive impact as it
increased pupal weight (both live and dead), did not affect
pupation rate but increased pupa-to-adult recovery (only
live treatment), reduced the time required for the egg-to-
adult development for males and females (both live and
dead treatment), and increased male and female survival
under stress conditions (both live and dead treatment).
Therefore, dead Bacillus sp. 139 could be used for the
acceleration but not for the increase of B. oleae production
and only live treatment would do both. Most of the posi-
tive effects caused by the live treatment of Bacillus sp. 139
can also be seen in the autoclaved treatments. This means
that its bacterial cells (dead or alive) are probably directly
consumed as food by the fly larvae, providing nutrients
(amino acids, nitrogen compounds, vitamins, etc.) that
(1) increase pupal weight leading to stronger adults with
higher survival rates, and (2) decrease the time required
for egg-to-adult development.
Live Serratia sp. 49 had an overall negative effect by
decreasing pupal weight, pupal recovery percentage, egg-
to-adult and pupa-to-adult recovery rate. This led to
Table 1 Summary of the effect of bacteria-enriched larval diets on life-history traits of the olive fruit fly compared to the control treatment










Males Females Males Females
Enterobacter sp. AA26
Live Positive Positive Positive = Positive Positive = Negative
Dead = Positive Positive = Positive Positive = Negative
Providencia sp. AA31
Live = Positive Positive = Negative Negative Positive =
Dead Positive = = = Negative Negative Positive Positive
Klebsiella oxytoca
Live = Negative Negative = N/A N/A N/A N/A
Dead = Negative Negative = N/A N/A N/A N/A
Enterobacter sp. 23
Live Positive Negative Negative = N/A N/A N/A N/A
Dead = Negative Negative = N/A N/A N/A N/A
Providencia sp. 22
Live Positive Negative Negative = N/A N/A N/A N/A
Dead = Negative Negative = N/A N/A N/A N/A
Bacillus sp. 139
Live Positive = = Positive Positive Positive Positive Positive
Dead Positive = = = Positive Positive Positive Positive
Serratia sp. 49
Live Negative Negative Negative Negative N/A N/A N/A N/A
Dead = Positive Positive = Positive Positive Negative =
N/A, not tested; =, no effect.
534 Koskinioti et al.
inadequate material for further analysis and indicates that
these bacterial isolates are not appropriate for larval diet
enrichment applications. The negative effects might be the
result of the substitution of other beneficial bacteria with
Serratia that is unable to provide the same potential bene-
fits provided by the previous gut microbes. Alternatively,
Serratia sp. 49may produce bacterial toxins that negatively
affect insect health. The closest relative of our Serratia iso-
late has been identified as S. marcescens, an ento-
mopathogen that is insensitive to the host’s systemic
immune response and kills Drosophila and Rhagoletis
pomonella (Walsh) flies (Lauzon et al., 2003; Nehme et al.,
2007). Serratia sp. 49 is probably an entomopathogen like
its closer relative, which would explain the detrimental
effect of the live treatment on the olive fruit fly rearing. In
contrast, dead Serratia sp. 49 increased pupal recovery per-
centages and egg-to-adult recovery rate, did not affect egg-
to-adult developmental duration, but decreased male
longevity. The delay of immature developments may be
due to metabolites secreted by the dead bacterial cells that
modulate developmental pathways (Shin et al., 2011). The
metabolites potentially produced by fruit fly gut bacteria
and the effect (positive or negative) theymight have on the
gut microbiome and the host are unknown. However, it is
possible that dead Serratia sp. 49 secretes such metabolites
that affect immature development. Dead bacterial cells
function as a direct source of nutrients (nitrogen, amino
acids, vitamins, etc.) that improves pupal and egg-to-adult
recovery. Dead Serratia sp. 49 could be used as a larval diet
additive that increases olive fruit fly production.
Adult sex ratio was not affected by any of the bacterial
isolates. This is expected because none of the tested bacte-
ria is among the endosymbionts that are known to manip-
ulate insect reproduction, such as Wolbachia, Cardinium,
Rickettsia, Arsenophonus, and Spiroplasma (Bourtzis &
Miller, 2008; Beukeboom, 2012). Adult flight ability was
also not affected by any of the treatments. It seems that the
nutritional benefits provided by the bacteria added to the
larval diet are related to the provision of nutrients during
the larval stage and the same bacteria do not have a similar
functional role in the adult stage. This could be explained
by changes in the structure of the gut microbiome taking
place during metamorphosis, which might lead to the
elimination or change in the concentration of the bacteria
that were transiently acquired during larval feeding (Engel
&Moran, 2013).
Results from Enterobacter sp. AA26 treatment are dia-
metrically opposed to those of Enterobacter sp. 23. A simi-
lar difference was observed between Providencia sp. AA31
and Providencia sp. 22. These isolates have been identified
to belong to the same genus, but this does not mean that
they also belong to the same species. It is possible that the
two Enterobacter sp. isolates (or the two Providencia sp.
isolates) are essentially different species and affect olive
fruit fly biology in a completely different way. This
hypothesis is also supported by the clustering of Enterobac-
ter sp. 23 with E. cloaceae, whereas Enterobacter sp. AA26 is
grouped with E. hormaechei subsp. steigerwaltii in a differ-
ent clade of theNJ phylogenetic tree. Similarly, Providencia
sp. 22 clustered with P. huaxiensis whereas Providencia sp.
AA31 is clustered in a different clade closer to P. vermicola.
However, 16S rRNA gene analysis alone is not adequate
for bacteria species classification due to the presence of
mosaicism, intra-genomic heterogeneity, and lack of a
universal threshold sequence identity value (Rajendhran &
Gunasekaran, 2011). Therefore, our analysis is actually
limited to the genus level and the clustering of our isolates
to specific clades of the phylogenetic tree is only an indica-
tion but not proof of species classification. The differences
between the two Providencia sp. (or the two Enterobacter
sp.) might be the result of genes encoding for nutrient
biosynthesis in the genome of Providencia sp. AA31, for
instance, which are not present in Providencia sp. 22. Alter-
natively, genes encoding for toxins or other harmful
metabolites might be present in the genome of Providencia
sp. 22 (or Enterobacter sp. 23) but not in that of Providen-
cia sp. AA31 (or Enterobacter sp. AA26).
Enterobacter sp. AA26 was previously studied as larval
diet supplement in medfly, where it also increased pupal
and adult productivity and induced faster development
(Augustinos et al., 2015). Although, there was no positive
effect on medfly pupal weight, as is the case with the olive
fruit fly, the overall positive effect is very similar between
the two studies. Enterobacter sp. AA26 was also tested as
additive to adult diets (Kyritsis et al., 2017) with no signifi-
cant effect on medfly performance and as an effective pro-
tein substitute for brewer’s yeast in C. capitata larval diet
that resulted in decreased mortality of immature stages,
accelerated immature development, increased pupal
weight, and prolonged survival under stress conditions
(Kyritsis et al., 2019). Also, biochemical and nutritional
characterization of Enterobacter sp. AA26 demonstrated
that as a probiotic strain it can provide all essential and
non-essential amino acids and vitamins required for the
efficient medfly mass rearing (Azis et al., 2019). All these
studies combined indicate that Enterobacter sp. AA26
might be used as amino acid and vitamin source for both
themedfly and the olive fruit fly.
Our study indicates that the use of K. oxytoca as a larval
diet supplement has negative effects on olive fruit fly rear-
ing. This is contradictory to the results of Kyritsis et al.
(2017) in the medfly, where it reduced the immature
developmental duration and positively affected adult fight
ability. The observed difference is probably due to diverse
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dietary needs of the two insect species. Klebsiella oxytoca
had no significant effect when used as an adult diet supple-
ment in the same medfly study. However, in other medfly
studies it affected mating latency time (Ben Ami et al.,
2010), male mating competitiveness, female mating recep-
tivity, and longevity (Gavriel et al., 2011). These findings
indicate that K. oxytoca may produce toxins or other
metabolites that are harmful for the olive fruit fly but do
not affectC. capitata.
The differential response to the same bacterial isolates
between B. oleae and C. capitata might also be attributed
to the diverse gut symbiotic communities of the two insect
species. It is well-known that the major symbiont of olive
fruit fly, Candidatus Erwinia dacicola, a Gammapro-
teobacterium of the Enterobacteriaceae family (Capuzzo
et al., 2005), plays a key role in facilitating the development
of the olive fruit fly larvae in the hostile phenolic environ-
ment of unripe olives (Ben-Yosef et al., 2015) and in the
enhancement of nitrogen fixation in adult flies. Providen-
cia sp., Enterobacter sp., A. tropicalis, Pantoea sp., Klebsiella
sp., and Serratia sp. have also been identified in lower den-
sities (Sacchetti et al., 2008; Kounatidis et al., 2009; Ben-
Yosef et al., 2014; Estes et al., 2014; Koskinioti et al., 2019).
However, laboratory adaptation leads to loss of Ca. E.
dacicola, decrease of bacterial diversity, and gut coloniza-
tion by other, potentially pathogenic, species such as M.
morganii (Konstantopoulou et al., 2005; Kounatidis et al.,
2009; Estes et al., 2011; Augustinos et al., 2019). On the
other hand,Klebsiella spp. aremainly found inmedfly wild
populations and are considered to be significant forC. cap-
itata fitness (Behar et al., 2005, 2008; Ben Ami et al., 2010;
Gavriel et al., 2011). However, the interaction of Klebsiella
spp. with the medfly does not appear to be as exclusive as
the interaction of Ca. E. dacicola with the olive fruit fly.
Bacterial diversity also decreases in laboratory-adapted
medfly strains, with Enterobacter sp. being the most domi-
nant after adaptation (Hamden et al., 2013; Augustinos
et al., 2015; Morrow et al., 2015). It is, therefore, obvious
that the gut microbe community, the dietary require-
ments, and the nature of the two fruit fly species are differ-
ent, which might also explain the different effect of the
bacteria additives on their fitness.
The current study is the first that uses gut bacterial iso-
lates as supplements in the larval diet of the olive fruit fly.
It is also the first time that a Bacillus sp. isolate is used as an
additive in tephritid species, which makes the positive
effect of Bacillus sp. 139 in fruit fly production very inter-
esting, especially because the Bacillus genus has never been
identified in the natural B. oleae gut microbiota before.
These findings are a good illustration of the plethora of
possibilities that the gut microbiome can provide towards
the improvement of insect mass production in support of
SIT applications.
In conclusion, the application of larval diets enriched
with Enterobacter sp. AA26, Providencia sp. AA31, Bacillus
sp. 139, or Serratia sp. 49 represents a promising strategy
for improvement of the olive fruit fly mass rearing. The
beneficial effects of live bacteria can be explained by their
ability to colonize the insect gut and provide their host
with amino acids, carbohydrates, vitamins, and other
nutrients through biosynthesis pathways encoded by their
genome. Providencia sp. AA31 is a potential candidate for
this type of bacteria. However, further research using
molecular techniques is needed to confirm the presence
of the bacteria in the insect gut after larval feeding. Gen-
ome sequencing of Providencia sp. AA31 strain further
elucidates the gene pathways that contribute to the bene-
ficial effects of the strain. Dead bacteria might provide
benefits to their host by (1) direct consumption by the fly
larvae, providing amino acids, nitrogen compounds, and
other necessary nutrients for larval development, or (2)
serving as ‘paraprobiotics’ that benefit their hosts through
non-nutritional pathways by modulating the immune
system, increasing adhesion to intestinal cells which inhi-
bits their colonization by pathogens, and by secreting
beneficial metabolites by the dead cells. Biochemical and
nutritional characterization of these treatments can pro-
vide information about the nutrients (amino acids, vita-
mins, etc.) that these bacteria are able to provide to their
host. Some gut bacteria, such as K. oxytoca, Enterobacter
sp. 23, Providencia sp., 22 and Serratia sp. 49, might be
harmful for the insect host and cannot be used as addi-
tives in the larval diet. However, some of them such as
Serratia sp. 49 can be used as a supplement in their dead
form. Taking biosafety and biosecurity concerns into con-
sideration, the use of dead/inactivated bacteria is more
appropriate for application in real conditions. This would
actually exclude the use of Providencia sp. AA31 or Bacil-
lus sp. 139, but dead Enterobacter sp. AA26 is still a
promising candidate. More research could further
enhance mass rearing by upscaling the experimental
design, using more replicates and over more generations,
and potentially combining these beneficial isolates or test-
ing new bacteria isolated either from the olive fruit fly or
other insect species. Generally, increase of pupal and adult
recovery, decrease of the developmental time of the
immature stages, and enhancement of longevity of the
flies would lead to increased production of insects in
shorter time periods. This would facilitate mass rearing of
this insect pest species towards not only the efforts for
SIT applications, but also for small-scale laboratory rear-
ings required for research purposes.
536 Koskinioti et al.
Acknowledgments
The authors are grateful to Prof. Edouard Jurkevitch of the
Hebrew University of Jerusalem (Rehovot, Israel) for pro-
viding the K. oxytoca strain, and to Mr. Jaime Garcıa de
Oteyza of TRAGSA (Spain) for providing the wild olive
fruit flies from Spain. We also thank Dr. Sohel Ahmad,
Mr. Ulysses Sto Tomas, and Mr. Thilakasiri Dammalage
for their assistance with the maintenance of the laboratory
colonies. This project has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation pro-
gram under theMarie Sklodowska-Curie Grant agreement
no. 641456.
References
Ahmad S, ul Haq I, Caceres C, Tomas US, Dammalage T et al.
(2018) One for all: mating compatibility among various popu-
lations of olive fruit fly (Diptera: Tephritidae) for application
of the sterile insect technique. PLoSONE 13: e0206739.
Ahmad S, ul Haq I, Rempoulakis P, Orozco D, Jessup A et al.
(2016) Artificial rearing of the olive fruit fly Bactrocera oleae
(Rossi) (Diptera: Tephritidae) for use in the sterile insect tech-
nique: improvements of the egg collection system. Interna-
tional Journal of Industrial Entomology 33: 15–23.
Ahmad S,Wornoayporn V, Rempoulakis P, Fontenot EA, ul Haq
I et al. (2014)Hybridization and use of grapes as an oviposition
substrate improves the adaptation of olive fly Bactrocera oleae
(Rossi) (Diptera: Tephritidae) to artificial rearing conditions.
International Journal of Industrial Entomology 29: 198–206.
Akami M, Andongma AA, Zhengzhong C, Nan J, Khaeso K et al.
(2019) Intestinal bacteria modulate the foraging behavior of
the oriental fruit fly Bactrocera dorsalis (Diptera: Tephritidae).
PLoS ONE 14: e0210109.
Akman L & Aksoy S (2001) A novel application of gene arrays:
Escherichia coli array provides insight into the biology of the
obligate endosymbiont of tsetse flies. Proceedings of the
National Academy of Sciences of the USA 98: 7546–7551.
de Almada CN, Almada CN, Martinez RCR & Sant’Ana AS
(2016) Paraprobiotics: evidences on their ability tomodify bio-
logical responses, inactivation methods and perspectives on
their application in foods. Trends in Food Science and Tech-
nology 58: 96–114.
Augustinos AA, Kyritsis GA, Papadopoulos NT, Abd-Alla AMM,
Caceres C & Bourtzis K (2015) Exploitation of the medfly gut
microbiota for the enhancement of sterile insect technique: use
of Enterobacter sp. in larval diet-based probiotic applications.
PLoS ONE 10: e0136459.
Augustinos AA, Tsiamis G, Caceres C, Abd-Alla AMM&Bourtzis
K (2019) Taxonomy, diet, and developmental stage contribute
to the structuring of gut-associated bacterial communities in
tephritid pest species. Frontiers in Microbiology 10: 2004
https://doi.org/10.3389/fmicb.2019.02004.
Azis K, Zerva I, Melidis P, Caceres C, Bourtzis K & Ntougias S
(2019) Biochemical and nutritional characterization of the
medfly gut symbiont Enterobacter sp. AA26 for its use as probi-
otics in sterile insect technique applications. BMC Biotechnol-
ogy 19: 90.
Baumann P (2005) Biology of bacteriocyte-associated endosym-
bionts of plant sap-sucking insects. Annual Review ofMicrobi-
ology 59: 155–189.
Behar A, Yuval B & Jurkevitch E (2005) Enterobacteria-mediated
nitrogen fixation in natural populations of the fruit flyCeratitis
capitata. Molecular Ecology 14: 2637–2643.
Behar A, Yuval B & Jurkevitch E (2008) Gut bacterial communi-
ties in the Mediterranean fruit fly (Ceratitis capitata) and their
impact on host longevity. Journal of Insect Physiology 54:
1377–1383.
Belcari A, Sacchetti P, Marchi G & Surico G (2003) The olive
fly and associated bacteria. Informatore Fitopatologico 53:
55–59.
Ben Ami E, Yuval B & Jurkevitch E (2010) Manipulation of the
microbiota of mass-reared Mediterranean fruit flies Ceratitis
capitata (Diptera: Tephritidae) improves sterile male sexual
performance. ISME Journal 4: 28–37.
Ben-Yosef M, Aharon Y, Jurkevitch E & Yuval B (2010) Give us
the tools and we will do the job: symbiotic bacteria affect olive
fly fitness in a diet-dependent fashion. Proceedings of the Royal
Society B 277: 1545–1552.
Ben-Yosef M, Pasternak Z, Jurkevitch E & Yuval B (2014) Symbi-
otic bacteria enable olive flies (Bactrocera oleae) to exploit
intractable sources of nitrogen. Journal of Evolutionary Biol-
ogy 27: 2695–2705.
Ben-Yosef M, Pasternak Z, Jurkevitch E & Yuval B (2015) Symbi-
otic bacteria enable olive fly larvae to overcome host defences.
Royal Society Open Science 2: 150–170.
Beukeboom LW (2012) Microbial manipulation of host sex
determination. BioEssays 34: 484–488.
Blow F, Gioti A, Goodhead IB, Kalyva M, Kampouraki A et al.
(2019) Functional genomics of a symbiotic community: shared
traits in the olive fruit fly gut microbiota. Genome Biology and
Evolution 12: 3778–3791.
Blow F, Vontas J & Darby AC (2016) Draft genome sequence of
Stenotrophomonas maltophilia SBo1 isolated from Bactrocera
oleae. Genome Announcements 4: e00905–e916.
Bourtzis K &Miller T (2003) Insect Symbiosis, Vol. 1. CRC Press,
Boca Raton, FL, USA.
Bourtzis K &Miller T (2006) Insect Symbiosis, Vol. 2 CRC Press,
Boca Raton, FL, USA.
Bourtzis K &Miller T (2008) Insect Symbiosis, Vol. 3. CRC Press,
Boca Raton, FL, USA.
Capuzzo C, Firrao G, Mazzon L, Squartini A & Girolami V (2005)
‘Candidatus Erwinia dacicola’, a coevolved symbiotic bacterium
of the olive fly Bactrocera oleae (Gmelin). International Journal
of Systematic and EvolutionaryMicrobiology 55: 1641–1647.
Charles H & Ishikawa H (1999) Physical and genetic map of the
genome of Buchnera, the primary endosymbiont of the pea
aphid Acyrthosiphon pisum. Journal of Molecular Evolution 48:
142–150.
Cheng D, Guo Z, Riegler M, Xi Z, Liang G & Xu Y (2017) Gut
symbiont enhances insecticide resistance in a significant pest,
Manipulation of Bactrocera oleaemicrobiota 537
the oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome
5: 13.
Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM et al. (2014)
Ribosomal database project: data and tools for high through-
put rRNA analysis. Nucleic Acids Research 42: D633–D642.
Dyck VA, Hendrichs J & Robinson AS (2005) Sterile Insect Tech-
nique: Principles and Practice in Area-Wide Integrated Pest
Management. Springer, Dordrecht, The Netherlands.
Economopoulos A (1972) Sexual competitiveness of gamma-ray
sterilized males of Dacus oleae. Mating frequency of artificially
reared and wild females. Environmental Entomology 1: 490–
497.
Economopoulos AP (1977) Gamma-ray sterilization ofDacus oleae
(Gmelin) effect of nitrogen on the competitiveness of irradiated
males. Zeitschrift f€ur Angewandte Entomologie 83: 86–95.
Economopoulos AP, Giannakakis A & Voyadjoglou AV (1976)
Reproductive behavior and physiology of Dacus oleae: egg
hatch in females mated successively with normal and c-steril-
ized males and vice versa. Annals of the Entomological Society
of America 69: 733–737.
Edwards U, Rogall T, Bl€ocker H, Emde M & B€ottger EC (1989)
Isolation and direct complete nucleotide determination of
entire genes. Characterization of a gene coding for 16S riboso-
mal RNA. Nucleic Acids Research 17: 7843–7853.
Engel P & Moran NA (2013) The gut microbiota of insects -
diversity in structure and function. FEMS Microbiology
Reviews 37: 699–735.
Estes AM, Hearn DJ, Agrawal S, Pierson EA & Dunning Hotopp
JC (2018) Comparative genomics of the Erwinia and Enter-
obacter olive fly endosymbionts. Scientific Reports 8: 1–13.
Estes AM, Hearn DJ, Bronstein JL & Pierson EA (2009) The olive
fly endosymbiont, ‘Candidatus Erwinia dacicola’, switches
from an intracellular existence to an extracellular existence
during host insect development. Applied and Environmental
Microbiology 75: 7097–7106.
Estes AM, Hearn DJ, Burrack HJ, Rempoulakis P & Pierson EA
(2012) Prevalence of Candidatus Erwinia dacicola in wild and
laboratory olive fruit fly populations and across developmental
stages. Environmental Entomology 41: 265–274.
Estes AM, Nestel D, Belcari A, Jessup A, Rempoulakis P & Econo-
mopoulos AP (2011) A basis for the renewal of sterile insect
technique for the olive fly, Bactrocera oleae (Rossi). Journal of
Applied Entomology 136: 1–16.
Estes AM, Segura DF, Jessup A, Wornoayporn V & Pierson EA
(2014) Effect of the symbiont Candidatus Erwinia dacicola on
mating success of the olive fly Bactrocera oleae (Diptera:
Tephritidae). International Journal of Tropical Insect Science
34: S123–S131.
FAO/IAEA/USDA (2014) Product Quality Control for Sterile
Mass-Reared and Released Tephritid Fruit Flies. International
Atomic Energy Agency, Vienna, Austria.
Felsenstein J (1985) Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39: 783–791.
Gavriel S, Jurkevitch E, Gazit Y &Yuval B (2011) Bacterially enriched
diet improves sexual performance of sterile male Mediterranean
fruit flies. Journal of Applied Entomology 135: 564–573.
Girolami V (1973) Reperti morfo-istologici sulle batteriosimbiosi
del Dacus oleae Gmelin e di altri Ditteri Tripetidi, in natura e
negli allevamenti su substrati artificiali. Redia 54: 269–294.
Guo Z, Lu Y, Yang F, Zeng L, Liang G & Xu Y (2017) Transmis-
sion modes of a pesticide-degrading symbiont of the oriental
fruit fly Bactrocera dorsalis (Hendel). Applied Microbiology
and Biotechnology 101: 8543–8556.
Hagen KS (1966) Dependence of the olive fly, Dacus oleae, larvae
on symbiosis with Pseudomonas savastanoi for the utilization
of olive. Nature 209: 423–424.
Hagen KS & Tassan RL (1972) Exploring nutritional roles of
extracellular symbiotes on the reproduction of honeydews
feeding adult chrysopids and tephritids. Insect andMite Nutri-
tion (ed. by JG Rodriguez), pp. 323–351. North-Holland Pub-
lishing Company, Amsterdam, The Netherlands.
Hamden H, M’saad Guerfali M, Fadhl S, Saidi M & Chevrier C
(2013) Fitness improvement of mass-reared sterile males of
Ceratitis capitata (Vienna 8 strain) (Diptera: Tephritidae) after
gut enrichment with probiotics. Journal of Economic Ento-
mology 106: 641–647.
Jose PA, Ben-Yosef M, Jurkevitch E & Yuval B (2019) Symbiotic
bacteria affect oviposition behavior in the olive fruit fly Bactro-
cera oleae. Journal of Insect Physiology 117: 103917.
Khaeso K, Andongma AA, Akami M, Souliyanonh B, Zhu J et al.
(2018) Assessing the effects of gut bacteria manipulation on
the development of the oriental fruit fly, Bactrocera dorsalis
(Diptera; Tephritidae). Symbiosis 74: 97–105.
Knipling EF (1955) Possibilities of insect control or eradication
through the use of sexually sterile males. Journal of Economic
Entomology 48: 459–462.
Konstantopoulou MA, Raptopoulos DG, Stavrakis NG & Mazo-
menos BE (2005) Microflora species and their volatile com-
pounds affecting development of an alcohol dehydrogenase
homozygous strain (Adh-I) of Bactrocera (Dacus) oleae
(Diptera: Tephritidae). Journal of Economic Entomology 98:
1943–1949.
Koskinioti P, Ras E, Augustinos AA, Tsiamis G, Beukeboom LW
et al. (2019) The effects of geographic origin and antibiotic
treatment on the gut symbiotic communities of Bactrocera
oleae populations. Entomologia Experimentalis et Applicata
167: 197–208.
Kounatidis I, Crotti E, Sapountzis P, Sacchi L, Rizzi A et al.
(2009) Acetobacter tropicalis is a major symbiont of the olive
fruit fly (Bactrocera oleae). Applied and Environmental Micro-
biology 75: 3281–3288.
Kumar S, Stecher G, Li M, Knyaz C & Tamura K (2018) MEGA
X: molecular evolutionary genetics analysis across computing
platforms.Molecular Biology and Evolution 35: 1547–1549.
Kyritsis GA,Augustinos AA,Caceres C&Bourtzis K (2017)Medfly
gut microbiota and enhancement of the sterile insect technique:
similarities and differences of Klebsiella oxytoca and Enterobacter
sp. AA26 probiotics during the larval and adult stages of the
VIENNA8D53+ genetic sexing strain. Frontiers inMicrobiology
8: 2064 https://doi.org/10.3389/fmicb.2017.02064.
Kyritsis GA, Augustinos AA, Ntougias S, Papadopoulos NT,
Bourtzis K & Caceres C (2019) Enterobacter sp. AA26 gut
538 Koskinioti et al.
symbiont as a protein source for Mediterranean fruit fly mass-
rearing and sterile insect technique applications. BMC Microbi-
ology 19(S1): 288 https://doi.org/10.1186/s12866-019-1651-z.
Lambrou PD & Tzanakakis ME (1978) Inhibition of larval
growth of Dacus oleae (Diptera: Tephritidae) by streptomycin
II. Effect of treating the parents. Entomologia Experimentalis
et Applicata 23: 163–170.
LauzonCR, Bussert TG, Sjogren RE& Prokopy RJ (2003) Serratia
marcescens as a bacterial pathogen of Rhagoletis pomonella flies
(Diptera: Tephritidae). European Journal of Entomology 100:
87–92.
Levinson HZ & Levinson AR (1984) Botanical and chemical
aspects of the olive tree with regards to fruit acceptance by
Dacus oleae (Gmelin) and other frugivorous animals. Zeit-
schrift f€ur Angewandte Entomologie 98: 136–149.
Manoukas AG (1975) Low-cost larval diets for mass production
of the olive fruit fly. Journal of Economic Entomology 68: 22–
24.
Manousis T & Ellar DJ (1988) Dacus oleae microbial symbionts.
Microbiological Sciences 5: 149–152.
Manousis T & Moore NF (1987) Control of Dacus oleae, a major
pest of olives. International Journal of Tropical Insect Science
8: 1–9.
McCutcheon JP &Moran NA (2012) Extreme genome reduction
in symbiotic bacteria. Nature ReviewsMicrobiology 10: 13–26.
Moran NA, McCutcheon JP & Nakabachi A (2008) Genomics
and evolution of heritable bacterial symbionts. Annual Review
of Genetics 42: 165–190.
Moran NA &Mira A (2001) The process of genome shrinkage in
the obligate symbiont Buchnera aphidicola. Genome Biology 2:
research0054.1.
Morrow JL, Frommer M, Shearman DCA & Riegler M (2015)
The microbiome of field-caught and laboratory-adapted Aus-
tralian tephritid fruit fly species with different host plant use
and specialisation. Microbial Ecology 70: 498–508.
Naaz N, Choudhary JS, Prabhakar CS, Moanaro L & Maurya S
(2016) Identification and evaluation of cultivable gut bacteria
associated with peach fruit fly, Bactrocera zonata (Diptera:
Tephritidae). Phytoparasitica 44: 165–176.
Nehme NT, Liegeois S, Kele B, Giammarinaro P, Pradel E et al.
(2007) A model of bacterial intestinal infections in Drosophila
melanogaster. PLoS Pathogens 3: e173.
Niyazi N, Lauzon CR & Shelly TE (2004) Effect of probiotic adult
diets on fitness components of sterile maleMediterranean fruit
flies (Diptera: Tephritidae) under laboratory and field cage
conditions. Journal of Economic Entomology 97: 1570–1580.
Petri L (1909) Ricerchi Sopra I Batteri Intestinali della Mosca
Olearia. Memorie della Regia Stazione di Patologia Vegetale di
Roma, Rome, Italy.
Rajendhran J & Gunasekaran P (2011) Microbial phylogeny and
diversity: small subunit ribosomal RNA sequence analysis and
beyond.Microbiological Research 166: 99–110.
Ras E, Beukeboom LW, Caceres C & Bourtzis K (2017) Review of
the role of gut microbiota in mass rearing of the olive fruit fly,
Bactrocera oleae, and its parasitoids. Entomologia Experimen-
talis et Applicata 164: 237–256.
Reed DW, Fujita Y, Delwiche ME, Blackwelder DB, Sheridan PP
et al. (2002) Microbial communities from methane hydrate-
bearing deep marine sediments in a forearc basin. Applied and
Environmental Microbiology 68: 3759–3770.
Regenthal P, Hansen JS, Andre I & Lindkvist-Petersson K (2017)
Thermal stability and structural changes in bacterial toxins
responsible for food poisoning. PLoS ONE 12: e0172445.
Sacchetti P, Ghiardi B, Granchietti A, Stefanini FM & Belcari A
(2014) Development of probiotic diets for the olive fly: evalua-
tion of their effects on fly longevity and fecundity. Annals of
Applied Biology 164: 138–150.
Sacchetti P, Granchietti A, Landini S, Viti C, Giovannetti L & Bel-
cari A (2008) Relationships between the olive fly and bacteria.
Journal of Applied Entomology 132: 682–689.
Saitou N & Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Molecular Biol-
ogy and Evolution 4: 406–425.
Savio C,Mazzon L,Martinez-Sa~nudo I, SimonatoM, Squartini A
& Girolami V (2011) Evidence of two lineages of the symbiont
’Candidatus Erwinia dacicola’ in Italian populations of Bactro-
cera oleae (Rossi) based on 16S rRNA gene sequences. Interna-
tional Journal of Systematic and Evolutionary Microbiology
62: 179–187.
Shin SC, Kim S-H, You H, Kim B, Kim AC et al. (2011) Droso-
phila microbiome modulates host developmental and meta-
bolic homeostasis via insulin signaling. Science 334: 670–674.
Stammer H-J (1929) Die Bakteriensymbiose der Trypetiden
(Diptera). Zeitschrift f€ur Morphologie und €Okologie der Tiere
15: 481–523.
Sun LV, Foster JM, Tzertzinis G, Ono M, Bandi C et al.
(2001) Determination of Wolbachia genome size by pulsed-
field gel electrophoresis. Journal of Bacteriology 183: 2219–
2225.
Tamura K, Nei M & Kumar S (2004) Prospects for inferring very
large phylogenies by using the neighbor-joining method. Pro-
ceedings of the National Academy of Sciences of the USA 101:
11030–11035.
Tsitsipis JA (1975) Mass Rearing of the Olive Fruit Fly, Dacus
oleae (Gmelin), at ‘Democritos [Greece]’. Panel Proceedings
Series (IAEA). International Atomic Energy Agency, Vienna,
Austria.
Tzanakakis ME & Stavrinides AS (1973) Inhibition of develop-
ment of larvae of the olive fruit fly, Dacus oleae (Diptera:
Tephritidae), in olives treated with streptomycin. Entomologia
Experimentalis et Applicata 16: 39–47.
WangH, Jin L, Peng T, ZhangH, Chen Q&Hua Y (2014) Identi-
fication of cultivable bacteria in the intestinal tract of Bactro-
cera dorsalis from three different populations and
determination of their attractive potential. Pest Management
Science 70: 80–87.
Weisburg WG, Barns SM, Pelletier DA & Lane DJ (1991) 16S
ribosomal DNA amplification for phylogenetic study. Journal
of Bacteriology 173: 697–703.
Wernegreen JJ (2015) Endosymbiont evolution: predictions from
theory and surprises from genomes. Annals of the New York
Academy of Sciences 1360: 16–35.
Manipulation of Bactrocera oleaemicrobiota 539
Wernegreen JJ (2017) In it for the long haul: evolutionary conse-
quences of persistent endosymbiosis. Current Opinion in
Genetics andDevelopment 47: 83–90.
Wernegreen JJ, Degnan PH, Lazarus AB, Palacios C & Borden-
stein SR (2003) Genome evolution in an insect cell: distinct fea-
tures of an ant-bacterial partnership. Biological Bulletin 204:
221–231.
Yamvrias C, Panagoupoulos CG & Psallidas PG (1970) Prelimi-
nary study of the internal bacterial flora of the olive fruit fly
(Dacus oleae Gmelin). Annales de l’Institut Phytopathologique
Benaki 9: 201–206.
Yoon S-H, Ha S-M, Kwon S, Lim J, Kim Y et al. (2017) Introduc-
ing EzBioCloud: a taxonomically united database of 16S rRNA
gene sequences and whole-genome assemblies. International
Journal of Systematic and Evolutionary Microbiology 67:
1613–1617.
Zchori-Fein E & Bourtzis K (2011) Manipulative Tenants – Bac-
teria Associated with Arthropods. CRC Press, Boca Raton, FL,
USA.
Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Effect of larval diets enriched with Enterobac-
ter sp. AA26, Providencia sp. AA31, Klebsiella oxytoca,
Enterobacter sp. 23, Providencia sp. 22, Bacillus sp. 139, or
Serratia sp. 49 onmean (+ SEM) adult sex ratio (%; 1009
no. males/total no. adults) of the olive fruit fly. No signifi-
cant difference was observed among the treatments (BLR:
P>0.05).
Figure S2. Effect of larval diets enriched with Enterobac-
ter sp. AA26, Providencia sp. AA31, Serratia sp. 49, or
Bacillus sp. 139 on mean (+ SEM) percentage of fliers in
the olive fruit fly. No significant difference was observed
among the treatments (BLR: P>0.05).
Table S1. Taxonomic identification of the gut bacterial
isolates from Ceratitis capitata and Bactrocera oleae based
on the 16S rRNA sequencing.
Table S2. Comparison of the gut bacterial isolates
belonging to the same genus with pairwise DNA sequence
alignments of their 16S rRNA sequences.
Table S3. 16S rRNA sequences of bacterial isolates
known to be Tephritidae gut symbionts retrieved from
GenBank.
Table S4. Effect of bacteria-enriched larval diet on the
pupal weight (mean  SEM) of the olive fruit fly.
Table S5. Effect of bacteria-enriched larval diet on the
percentage of egg-to-pupa recovery (%; no. pupae/no.
eggs) in the olive fruit fly.
Table S6. Effect of bacteria-enriched larval diets on the
percentage of egg-to-adult recovery (% number of adults/
number of eggs) in the olive fruit fly.
Table S7. Effect of bacteria-enriched larval diets on the
percentage of pupa-to-adult recovery (% number of
adults/number of pupa) in the olive fruit fly.
Table S8. Effect of bacteria-enriched larval diets on the
adult sex ratio (% number of males/total number of
adults) of the olive fruit fly.
Table S9. Effect of bacteria-enriched larval diets on the
egg-to-adult developmental duration of male and female
B. oleae.
Table S10. Effect of bacteria-enriched larval diets on
male and female adult survival under stress conditions
using Cox regression analysis.
Table S11. Pairwise comparisons of the effect of bacte-
ria-enriched larval diets on male and female adult survival
under stress conditions using v2 test.
Table S12. Effect of bacteria-enriched larval diets on the
flight ability of the olive fruit fly using binary logistic
regression analysis.
540 Koskinioti et al.
